Yeast cytokinesis entails a rejuvenation process by which the aged mother cell generates daughter cells enjoying full replicative potential. Here we show that this process includes a precipitous reduction in the levels of reactive oxygen species in the progeny immediately after completion of cytokinesis. The reduction in hydrogen peroxide is the result of a Sir2p and actin cytoskeletondependent segregation of the cytosolic catalase Ctt1p such that the daughter cell receives a higher load of undamaged and active Ctt1p than the progenitor cell. Such spatial quality control provides the daughter cells with a superior capacity to combat external oxidative stress and delays self-inflicted oxidative damage to their cellular proteins.
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aging ͉ catalase ͉ damage segregation ͉ rejuvenation T he ''stochastic'' as opposed to ''programmed'' view of aging states that aging results from random deleterious events and oxidative damage has been suggested to be one contributor to such stochastic degeneration of cells, tissues, and organisms. Indeed, the levels of oxidatively damaged proteins increase with age in a large variety of species, including mammals, birds, bats, nematodes, and flies (1) . The increase in protein oxidation, measured as protein carbonyls, during aging in animals is quite substantial (2) , eventually reaching a level of one of every third protein molecule carrying this modification (3) . In view of the fact that carbonylation reduces, or totally abrogates, the catalytic functions of the targeted proteins (4) and may trigger formation of high molecular, potentially cytotoxic aggregates (5) , this modification is likely to play havoc on cellular/tissue functions in the aging organism. One causal factor behind age-dependent carbonylation may be a gradual decline in the antioxidant defense systems (6) (7) (8) . For example, catalase activity has been demonstrated to decrease with age in specific tissues, and it has been suggested that protein oxidation levels increase as a direct consequence of a diminished activity of the primary antioxidant defense systems (8, 9) . The role of these primary defenses is underscored also by the fact the ectopic overproduction of superoxide dismutases (SODs) and catalase can prolong the lifespan of specific species, e.g., Drosophila (10, 11) and mice (12) , at least in some genetic backgrounds.
Similar to senescence in mammals, mother-cell-specific aging in yeast is characterized by a progressive accumulation of oxidatively damaged proteins and a diminished ability to cope with oxidative stress (4, 13, 14) . With progressive divisions, the mother cell becomes increasingly deteriorated and will eventually lose its ability to produce daughter cells. Thus, yeast age as a function of generations rather than time. Yet aged mother cells generate offspring exhibiting a full replicative potential (15) and a renewed capacity to withstand external oxidants. Thus, the acquired aging phenotype is obliterated in the progeny during the process of asymmetric division (13, 16) . This rejuvenation process entails retention of both extra chromosomal rRNAencoding DNA circles (ERCs) (17) and oxidatively damaged proteins (13) in the mother cell during cytokinesis. Both the generation of ERCs and the segregation of damaged proteins are under the control of Sir2p, a conserved NAD-dependent histone deacetylase, acting as a key regulator of aging in a variety of organisms, including yeast, worms, and flies (18) (19) (20) (21) . The failure of the sir2⌬ mutant mother cells to retain damage appears to act independently of ERC accumulation, because preventing the propagation of ERCs in a sir2 mutant by deleting the replication fork block gene FOB1 does not rescue the loss of damage asymmetry caused by deleting SIR2 (unpublished data). In addition, the failure in damage segregation is not due to aging as such because the sir2⌬fob1⌬ double mutant does not age prematurely.
In this work, we show that Sir2p is also involved in an actin cytoskeleton-dependent, daughter-cell-specific reduction in reactive oxygen species (ROS) levels after completion of cytokinesis. Thus, Sir2p protects the progeny both by preventing the daughter from inheriting oxidative damage accumulated in the aged progenitor cell and reducing the levels of ROS in the daughter after separation from the mother.
Results
During the course of our analysis of damage distribution during cytokinesis, we observed that the asymmetry in protein carbonylation did not correspond to an asymmetrical distribution of mitochondria or ROS. In fact, as long as mother and daughter cells were attached to each other (and presumably shared a cytoplasm), the levels of both superoxide and hydrogen peroxide were nearly identical in the two compartments ( Fig. 1 A-D) . In contrast, once the daughter cell detached from its progenitor, its ROS levels dropped precipitately ( Fig. 1 B-D) . This daughtercell-specific reduction in ROS levels depended on Sir2p; the purging of superoxide was totally abolished in sir2⌬ daughter cells, whereas scavenging of hydrogen peroxide was largely impaired ( Fig. 1 C and D) . Note that damage (carbonyls) asymmetry was established before the reduction in intracellular ROS (Fig. 1E) .
The reduction in superoxide and hydrogen peroxide levels in newborn daughter cells is not a result of a programmed, elevated expression of antioxidant genes. Analysis of transcript levels, by using RT-PCR, in isolated mother and daughter cells showed that the levels of antioxidant transcripts, e.g., CTT1, SOD1, and TRX2, were similar in mother and daughter cells of both the WT and sir2⌬ (Fig. 2A) . However, a deletion of ctt1, encoding the major cytoplasmic catalase of yeast, demonstrated that the ability of daughter cells to reduce peroxide levels after completion of cytokinesis required the presence of this enzyme (Fig. 2B ). Measurements of the activity and abundance of the enzyme revealed that, after detachment, the progeny benefited from a 2-fold higher cytoplasmic catalase activity compared with their mothers (Fig. 2C ), rather than inheriting higher levels of the enzyme (Fig. 2D ). The observed elevated activity could be attributed, to a large extent, to Ctt1p, as seen by the reduced hydrogen peroxide detoxification in a ctt1⌬ mutant (Fig. 2C) . The fact that some peroxide conversion was still detected even in the absence of Ctt1p can be ascribed to the activity of other enzymes, such as cellular peroxidases. Catalase activity was markedly lower in cells lacking Sir2p, and sir2⌬ daughters failed to elevate the enzyme activity upon completion of cytokinesis ( Fig. 2C) , which is consistent with the notion that Sir2p is required for daughter cells to reduce peroxide levels (Fig. 1D ). This spatial Sir2p-dependent control of enzyme activity explains the drop in ROS levels in the progeny cells upon completion of cytokinesis, after which the oxidants can no longer diffuse between the mother/daughter compartments.
To approach the question of whether other antioxidant systems than the catalase display differential activity in mother and daughter cells, we measured the localization of Yap1p upon tert-butylhydroperoxide (tBOOH) exposure of isolated mother and daughter cells of the WT and sir2⌬ strains. The detoxification of tBOOH relies on alkyl hydroperoxide reductase rather than catalase (22, 23) . Yap1p is a transcriptional regulator, which upon peroxide exposure becomes oxidized and, as a result, localizes to the nucleus, where it induces an appropriate transcriptional response (24) . The time it takes for cells to relocalize Yap1p to the cytoplasm after exogenous addition of tBOOH is proportional to their capacity to scavenge the oxidant and repair damage (e.g., illegitimate disulfide bonds) (Fig. 3A) . We found that WT daughter cells were more efficient in this respect than their sir2⌬ counterparts (Fig. 3B Left) , which was consistent with a diminished segregation of functional enzymes in the mutant. In addition, WT daughter cells recovered faster than their mothers; almost 100% of daughters had relocalized Yap1p to the cytoplasm in 35 min (Fig. 3B Left) , whereas mother cells required double that time (Fig. 3B Right) . Notably, a large fraction (40%) of sir2⌬ mother cells failed to respond to the oxidant by localizing Yap1p into the nucleus (Fig. 3B Right) , suggesting that Sir2p-deficient cells are impaired, both in reacting properly to the oxidant and in efficiently repairing damage. The data support the notion that antioxidant defenses other than catalase are negatively affected by the absence of Sir2p. Accordingly, daughter cells of the sir2⌬ mutant were also found to possess lower SOD activity (Fig. 3 C and D) , which explains the failure of the sir2⌬ cells to detoxify superoxide upon completion of cytokinesis and the generally increased levels of this oxidant in the mutant (Fig. 1C) . It should be noted that, as for Ctt1p, the diminished SOD activity in the sir2⌬ mutant is not matched by lower SOD protein levels (data not shown).
The ratio of damaged (carbonylated) to undamaged proteins is markedly lower in virgin daughter cells compared with their progenitors, and it applies to most yeast proteins (unpublished data), including the Ctt1p catalase (4). This asymmetry can be abolished by either a sir2 deletion or treatment with latrunculin A, a compound that binds to F-actin monomers, preventing their polymerization. This observation raises the possibility that differential catalase activity and ROS scavenging in mother and daughter cells may depend on a functional actin cytoskeleton. Indeed, transient depolymerization of actin, followed by subsequent removal of latrunculin A and completion of cytokinesis, resulted in a total breakdown of asymmetry with respect to catalase activity (Fig. 4A ) and hydrogen peroxide levels (Fig.  4B ). The data demonstrate that segregation of damaged and undamaged (functional) catalase and the purging of peroxide in yeast daughter cells is driven by a Sir2p and actin cytoskeleton mediated mechanism. Whether these two components act in parallel or whether Sir2p has a direct effect on actin cytoskeleton formation and function remains to be determined; however, we have noticed that nearly 50% of sir2⌬ cells display aberrant actin cable formation and a reduced actin cable-dependent localization of proteins such as the transgelin homologue Scp1p (Fig. 5) .
Discussion
The task of identifying the causal factors behind age-dependent increased oxidation, e.g., carbonylation, to target proteins has proven difficult. Several possibilities have been proposed, including an age-dependent decline in the antioxidant defense system, an increased production of ROS, a diminished capacity for removal of oxidized proteins, or an increased susceptibility of aged and aberrant proteins to oxidative attack (25). These possibilities are not mutually exclusive, and evidence both for and against all of these possibilities can be found in the literature, depending on the cells, tissues, or organisms studied (6) (7) (8) (26) (27) (28) . However, it is clear that the primary enzymes involved in ROS scavenging/detoxification, i.e., SODs, catalases, and peroxidases, are key members of the cellular defense against protein carbonylation (25, 26). One might wonder why evolution has failed to provide the soma with more proficient primary oxidant scavenging systems that more efficiently combat oxidative damage throughout the lifespan of an organism. This problem is adequately explained by the evolutionary theory of aging, which states that there is no need for such a defense: aging is argued to be a consequence of the fact that natural selection's power to influence the fate of genes gradually wanes as the age at which those genes have their effects increases. In line with this concept, the carbonyl content increases at a drastically accelerated rate in the last third of the lifespan of an animal (2), i.e., after termination of the reproductive period. In other words, the carbonylation load of young individuals is sufficiently low not to affect the fitness of the offspring, and the increased load of damage of the soma in late life is impervious to natural selection. However, these arguments are only applicable to organisms, e.g., animals, whose life history entails early reproduction. If a high carbonyl load is a genuine hazard to fitness, organisms producing reproductive organs at the closing stages of their development should have evolved systems that can clear out damage before reproduction. Interestingly, it appears as the plant Arabidopsis thaliana has evolved defense systems to do just that (29) . In addition, unicellular microbes such as the asymmetrically dividing yeast Saccharomyces cerevisiae, has evolved systems that retain carbonylated proteins in the mother cell compartment during mitotic cytokinesis (13) . This segregation process directly limits the oxidative damage inherited by the progeny and, as shown here, simultaneously provides the daughter cell with a superior capacity to scavenge ROS, which would otherwise give rise to protein oxidation. This process depends on a functional Sir2p and actin cytoskeleton. Thus, the cytoskeleton has a dual function in ensuring that daughters inherit a full complement of genomic material and active organelles while preventing inheritance of old and damaged macromolecules.
Yeast longevity and ROS production have previously been linked to the performance of the actin cytoskeleton. Specifically, genetic alterations that result in increased actin dynamics prolong replicative lifespan, whereas mutations reducing actin dynamics have the opposite effect (30) . This report and the article by Gourlay et al. (30) point to two important functions of the cytoskeleton in regulating ROS levels in the progeny. First, the establishment of a functional actin cytoskeleton is required for damage retention, which results in a preferential distribution of undamaged and functional antioxidant enzymes into the daughter cells. Secondly, the dynamic properties of the actin filaments formed affect ROS levels by a mechanism suggested to involve the propensity of the mitochondria to produce superoxide (30) . The retention of dysfunctional mitochondria in mother cells (31, 32) has previously been argued to be a key feature in maintaining age asymmetry, and this may, like damaged proteins, rely on the proper formation and dynamics of the actin cytoskeleton. However, it appears that unequal ROS scavenging, rather than mitochondrial ROS production, is more important in establishing hydrogen peroxide asymmetry because the absence of the cytosolic Ctt1p abolished the ability of daughter cells to diminish peroxide levels after completion of cytokinesis.
The effect of Sir2p on cytoskeleton functions raises the question of how a nuclear localized deacetylase affects actin functions in the cytoplasm. Support for sirtuins having additional roles apart from nuclear silencing comes from recent evidence showing that histone (protein) deacetylases exhibit novel roles linked to cytoskeleton function in mammalian cells (33, 34) . Possibly, deletion of SIR2 might affect the abundance and/or activity of cytoplasmic proteins involved in cytoskeleton functions. For example, the lack of SIR2 has been reported to cause a redistribution of the cytosolic Sir2p homolog, Hst2p, to the nucleus (35) , and this may limit the deacetylation of possible downstream targets, i.e., elements of the actin cytoskeleton, in the cytosol.
The work presented here highlights the physiological importance of damage segregation and how this allows generation of a rejuvenated and superior performing progeny from old and damaged ancestor cells. Future analysis may clarify whether such segregation is restricted to asymmetrically dividing microbes or whether this phenomenon is also a common feature of, e.g., mammalian development, generation of the germ cell line, and tissue turnover. It has been shown that carbonylated proteins are asymmetrically distributed in the developing blastocysts and that differentiation of embryonic stem cells encompasses a clearance of damaged proteins (36) . Possibly, oxidatively damaged proteins and ROS defenses may be asymmetrically distributed during the apparent symmetrical division of mammalian tissue cells, and such segregation may continue during subsequent divisions. Such a mechanism could improve the ''vigor'' of an organ during the lifespan of the animal by segregating damage to ''waste-disposal cells'' directed toward apoptosis. The role of the sirtuins in such a mechanism would have an obvious impact on the preservation of the soma.
Experimental Procedures
Strains. All S. cerevisiae strains used in this study were derivatives of BY4741 (MATa; his3⌬1; leu2⌬; met15⌬; ura3⌬), here referred to as WT. The sir2⌬, sod1⌬, and ctt1⌬ mutants had the SIR2 and CTT1 genes replaced by a KanMX4 cassette (European Saccharomyces Cerevisiae Archive for Functional Analysis, Frankfurt, Germany). The tandem affinity purification-tagged SOD1 and SOD2 strains and the GFP-tagged SCP1 were from Invitrogen (Carlsbad, CA) (37); the corresponding sir2⌬ SCP1-GFP mutant was constructed by replacing the SIR2 gene with the URA3 marker and verified thereafter by PCR. YAP1-GFP WT and sir2⌬ strains were generated by transforming the cells with a pRS316 plasmid harboring a C-terminal GFP fusion to YAP1 (kind gift from Scott Moye-Rowley, Univ. of Iowa, Iowa City, IA). All strains were grown at 30°C on YPD (1% yeast extract/2% peptone/2% glucose).
Separation of Mother and Daughter Cells.
Old mother cells were obtained by centrifugal elutriation (38) by using a J-20 XP centrifuge equipped with a JE 5.0 rotor (Beckman Coulter, Fullerton, CA). To enrich the culture for old cells, two successive rounds of elutriation were performed, allowing for overnight growth in between. Cells were subsequently resuspended in PBS and loaded in a 40-ml separation chamber at 32 ml/min and 312-385 ϫ g; old cells were elutriated at 90 ml/min and 35-62 ϫ g. The cells thus obtained were grown again for one generation and subjected to a last round of elutriation at the same settings to separate the mothers from their daughters. Separation of young mother and daughter cells was achieved by loading exponentially growing cultures in a 5-ml separation chamber and by using a cutoff of 10 ml/min at 728 ϫ g (daughters) or 20 ml/min at 385 ϫ g (mothers). The efficiency of every sorting was confirmed by Calcofluor White (Sigma, St. Louis, MO) staining and bud scar counting.
ROS Imaging and Quantification. Cells were incubated in the presence of either 14 M dihydrorhodamine for 2 h or 0.8 mM dihydroethidium for 30 min (both from Fluka, Buchs, Switzerland), which are indicators of hydrogen peroxide and superoxide, respectively. The signal was detected by using a DMRXA fluorescence microscope (Leica, Wetzlar, Germany) equipped with a C4742 CCD camera (Hamamatsu, Hamamatsu City, Japan) and Cy3 and FITC filter sets and quantified with NIH Image J software (National Institutes of Health, Bethesda, MD). Experiments were repeated independently at least twice.
Antioxidant Enzyme Analysis. CTT1, SOD1, and TRX2 transcript levels were measured by real-time PCR at the TATAA Biocenter (Göteborg, Sweden) according to standard protocols. The following sets of forward and reverse primers were used: CTCAT-CACCCATACGCTTCTC and TCCAGTCTACAACCAC-CACCT (CTT1); AAAGACGGACGAAAATGGTG and AACGGAGGTAGGACCGATAAG (SOD1); and CAGAT-GTTGCTCAAAAAGCTGA and GCACCGACGACTCTGG-
